Using highly dispersed metal fluoride nanoparticles to construct a uniform fluorinated alloy type interfacial layer on the surface of Li metal anodes is realized by an ex situ solution chemical modification method. The fluorinated alloy-type interfacial layer can effectively inhibit the growth of undesirable Li dendrites while enhancing the performance of Li metal anodes.
Lithium metal batteries (LMBs) are considered as one of the most attractive candidates for next generation energy storage systems due to the high energy density provided by Li metal anodes. 1-3 However, the uncontrolled growth of Li dendrites on the surface of Li metal anodes would lead to piercing of the separator and cause a battery short-circuit, which severely hinders the practical applications of LMBs. 4 The growth of Li dendrites mainly stems from an inhomogeneous and fragile interfacial layer formed via spontaneous reaction between Li metal and the electrolyte, which is named the solid electrolyte interphase (SEI). 5 The SEI layer plays a vital role in inhibiting further reaction between the Li metal anode and the electrolyte due to its electron-insulating and ion-conducting properties. The fabrication of an electrochemically and mechanically stable SEI layer on the surface of Li metal anodes is presently considered as one of the most effective strategies to stabilize Li metal anodes. To fully functionalize the SEI layer on the surface of Li metal anodes, the SEI layer should also possess high elastic modulus, high thermodynamic stability, and a dense structure.
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In the past decade, much effort has been devoted to achieving desirable properties in SEI layers. Various electrolyte additives, 7-9 all-uorinated non-aqueous electrolytes 10,11 and new-type lithium salts with a uorine group 12, 13 have been introduced to reinforce the SEI layer and such a highly uori-dated protective layer was found to be highly effective for suppressing the growth of Li dendrites. It has also been demonstrated that the electrochemical performance and stability of LMBs can be improved impressively in the presence of inorganic uorides (LiF) or organic uorides (C-F).
14 However, uorinated additives and new-type salts used in the electrolytes are usually too expensive. Besides the in situ formation of advanced SEI layers by electrolyte modication, an ex situ fabrication of an articial solid electrolyte interphase (ASEI) layer on the surface of Li metal anodes has been developed in the past few years. ASEI layers including hollow carbon spheres, 15 23, 24 and so on 7,25-29 were used to stabilize Li metal anodes. To some extent, these attempts have shown encouraging results to stabilize the surface of Li metal anodes during battery cycling. However, these ASEI layers cannot simultaneously possess high thermodynamic stability, good ionic conductivity, and capability of guiding Li metal deposition at one time to maximize their roles.
More recently, Li-based alloy type interfacial layers 30 have been ex situ modied on the surface of Li metal anodes to guide uniform Li plating/stripping, leading to the improved cycling stability of Li metal anodes. The drawback of the alloy type layer is its limited electronic insulation to maintain the long term stability during repeated Li stripping/plating. In addition, as an important component in previously reported SEI layers, lithium uoride (LiF) is highly electron-insulating and ultra-thermodynamically stable to reinforce the stability of SEI layers. 6 It will be very interesting to combine LiF with Li-based alloy layers [30] [31] [32] [33] to further improve the performance of ASEI layers. However, the ex situ modication of these combined ASEI layers is rarely reported due to the very low dissolubility of metal uorides in the electrolyte. To make indissoluble materials highly dispersible in the solution, adopting the nanoparticle form is an efficient pathway. We also found that metal uoride nanoparticles can be synthesized by a facile solution method 34 on a large scale, implying that the cost of these nanoparticles is much lower than that of the uorinated organics 7-9 for the ex situ chemical modication of Li (Fig. 1a) . The MF x NPs were prepared by a facile solution method (for details please see the Experimental section †). The transmission electron microscopy (TEM) images and X-ray diffraction (XRD) patterns show that the MF x NPs synthesized by this facile solution method are uniform in size and pure phases (Fig. S1 , ESI †). Most importantly, the obtained MF x NPs are highly dispersible in the co-solvent of 1,3-dioxolane/1,2-dimethoxyethane (DOL/DME, 1 : 1, v/v) as shown in Fig. S2 (ESI †), which can promote the reaction between MF x NPs and fresh Li metal foil. The uniform ASEI protective layer consisting of LiF/Li-M alloy compounds can be built via the following reaction:
As shown in Fig. 1b , a uniform black layer on the Li-metal surface can be obtained aer being treated with the solution in which zinc uoride nanoparticles (ZnF 2 NPs) were evenly dispersed. In contrast, there is no obvious change of fresh Li metal foil aer being treated using pure DOL/DME co-solvent under the same conditions. The obvious distinction observed in Fig. 1b profoundly proves that the black protective layer is the product originating from the reaction between ZnF 2 NPs and Li metal in DOL/DME solution. Furthermore, the optical photos of protected Li metal foil obtained by the treatment of other MF x NPs (M ¼ Ca, Mg, Al) in Fig. S3 (ESI †) indicate the versatility of our proposed ex situ chemical modications on the Li metal anode.
Scanning electron microscopy (SEM) was employed to analyze the surface morphological features of the Li metal anode aer the treatment with MF x NPs. The top-view and sideview SEM images (Fig. 2a-f and S4-S6, ESI †) of Li metal foil treated with MF x NPs both demonstrate that the uniform ASEI protective layers can be obtained by our developed nanoparticle treated strategy. In terms of Li metal foil treated with ZnF 2 NPs, the ASEI protective layer is compact as shown in the top-view SEM images (Fig. 2a and b) . The designed compact layer can effectively prevent the Li metal anode contact with the electrolyte, thereby suppressing uncontrolled side reactions and the consumption of the electrolyte. Besides, the thickness of the asfabricated ASEI protective layer was measured to be 5-10 mm as shown in the side-view SEM images ( Fig. 2d and e) , in which the LiF/Li-Zn alloy layer on the top is marked by cyan colour and the lithium under the alloy layer is marked by green colour. The obtained structure is similar to that of other reports related to the ASEI protective layer. The components of the as-fabricated ASEI protective layer were further revealed by energy dispersive X-ray spectroscopy (EDX) mapping. As shown in Fig. 2c and f, F and Zn are homogeneously dispersed in the ASEI protective layer indicating that a uniform coating of the LiF/Li-Zn alloy layer was formed on the surface of the Li metal anode. Moreover, X-ray photoelectron spectroscopy (XPS) was used to explore the compositions and chemical bonding information in the ASEI protective layer (Fig. 2g and h ). As shown in Fig. 2g , the XPS spectrum of the Zn 2p orbital splits into two peaks at 1022.3 and 1045.4 eV, which belong to Zn 2p 3/2 and Zn 2p 1/2 , respectively, corresponding to the Zn in the Li-Zn alloy. 36 Besides, the XPS signal of the F 1s split can be tted to the peak located at 685.0 eV, which is attributed to the formation of LiF. 32 The results of EDX mapping and XPS can validly indicate that the as-formed ASEI protective layer is composed of the products of the reaction between the ZnF 2 NPs and Li metal. Other MF x NPs also show similar results on the surface of Li metal anodes to the ZnF 2 NPs, and the analytical data such as EDX and XPS are shown in Fig. S4-S6 (ESI †), respectively. All these results demonstrate that the high reactivity and good dispersability of MF x NPs (M ¼ Zn, Ca, Mg, Al) can be used to realize the construction of the ASEI protective layer via an efficient solution chemical reaction with active Li metal.
The effectiveness of the as-formed ASEI protective layer for promoting the cycling stability of the Li metal anode was rst revealed by the polarization voltage evolution behavior in symmetric cells. Fig. 3a and b show the huge difference in the behavior of polarization voltage variation as a function of time at a relatively high current density (1 mA cm À2 ) between the pristine Li metal anode and protected Li metal anode by the LiF/ Li-Zn alloy layer. The pristine Li metal anode exhibits a high polarization voltage ($200 mV) within 150-220 h and gradually increases to 400 mV aer 300 h cycling, indicating that the migration of lithium ions is severely impeded by the interface failure (top of Fig. 3a) . In contrast, the Li metal anodes treated with ZnF 2 NPs display long and stable voltage curves ($50 mV within initial 220 h cycling) and can be cycled up to 400 h with a polarization voltage less than 100 mV (bottom of Fig. 3a) . In terms of cycle performances within 300-320 h as shown in Fig. 3b , the polarization voltage increases sharply and becomes unstable in the pristine Li metal anode, indicating the rapid degradation of the interface, whereas the protected Li metal still exhibits an extremely stable voltage prole with a low polarization voltage of $70 mV. Besides, other MF x NP modications also have a similar function of stabilizing deposition behavior on the surface of Li metal anodes to the ZnF 2 NPs (Fig. S7, ESI †) . In our study system, the activation process may be related to the surface side reactions of the as-formed protective layer and the electrolyte. Aer the side reaction, a relatively stable solid electrolyte interphase (SEI) layer formed on the Li metal anode, leading to the stable plating/stripping cycling with a relatively lower overpotential. With the prolongation of cycling, the ASEI layer on the surface of Li metal was gradually damaged due to the repeated volume change of the Li metal anode and the overpotential increased. Thus, it seems that the polarization of the Li metal anode decreased to a lower value in the middle of the test. The obvious difference of plating/stripping voltage evolution of the pristine Li metal anode and protected Li metal anode during the cycling implies that the Li plating/stripping efficiency is promoted by the LiF/Li-M alloy layer, which can be attributed to the improved lithium ion surface transport by LiF
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and preferred Li nucleation sites in the Li-M alloy layer. Our developed LiF/alloy ASEI protective layer displayed the best efficiency to stabilize the Li metal anode among the recent reports using conventional carbonate solvent based liquid electrolytes (details in Table S1 , ESI †). The reduced polarization voltage of our ASEI layer protected lithium metal anode is also superior to the previous reports of solely LiF reinforced SEI layer protected Li metal anodes and comparable to the alloy layer protected Li metal anodes.
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In order to further verify the stability of the as-fabricated ASEI protective layer during the cycling, XPS was used to characterize the chemical information of the ASEI protective layer aer the rst ten cycles. As shown in Fig. 3c , there is no obvious variation in the peak positions and intensities of Zn and F. The emergence of a small C-F peak can be observed due to the initial decomposition of the electrolyte during the activation process.
32, 39 The XPS results similar to those of the electrode before cycling (Fig. 2g and h ) indicate that the LiF/Li-Zn alloy layer is stable during the Li plating/stripping processes. This also means that the LiF/Li-Zn alloy layer can not only effectively suppress the growth of Li dendrites but also prevent the contact between the underlying Li metal and the electrolyte to form extra thick and fragile SEI layers.
The surface morphology characterization by SEM shows that signicant Li dendritic growth occurred on the surface of the pristine Li metal anode (Fig. 3d and S8, ESI †) . In contrast, the protected Li metal anode by the LiF/Li-M (M ¼ Zn, Al) alloy layer aer 160 and 320 h cycling still maintains a relatively smooth surface without dendrites (Fig. 3d, S9 and S10, ESI †). Based on the SEM images and EDX mapping results of the Li metal anode at the different cycling times (Fig. S11 , ESI †), we can conclude that the protective layer can be maintained on the surface of the Li metal anode aer short or long term cycling. This again indicates the stability and effectivity of our designed ASEI protective layer. In addition, the interfacial resistance of both the protected Li metal anode by the ASEI layer and the pristine Li metal anode exhibits a relatively small impedance before cycling (Fig. S12, ESI †) , conrming that the introduction of the ASEI protective layer does not deteriorate charge transfer at the interface. But the interfacial impedance of the pristine Li metal anode increases to 284 U aer 320 h cycling, which corresponds to a rapid increase in the polarization voltage ( Fig. 3a and b) , indicating the high diffusion resistance of Li + ions at the interface due to the rough surface and thickened SEI layer. In contrast, the protected Li metal anodes show no obvious change in the impedance before and aer cycling, which is consistent with the smooth surface of protected Li metal anodes aer cycling. The rapid ion diffusion and stable interfaces cause the low diffusion impedance of Li + ions under the effect of the ASEI protective layer during the plating/stripping process. Therefore, the LiF/Li-M alloy layer can effectively protect the Li metal anode providing the long-term cycling stability of the symmetric cells.
The full Li-metal-based cells (NCA/Li) were assembled and tested to demonstrate the effectiveness of the LiF/Li-M alloy layer in LMBs. As shown in Fig. 4a , the initial discharge specic capacities of all cells are higher than 200 mA h g À1 . The difference between initial discharge and charge capacity of the NCA cathode is caused by the uncontrolled side reactions between the electrode and electrolyte. 40 In the 150-cycle test at
, 1C means a current density at which the theoretical specic capacity of the electrode material can be achieved in one hour), there is a signicant performance difference between the cells based on the pristine Li metal anode and protected Li metal anode. The cell of all LiF/L-M alloy layers protected Li metal anodes can maintain stable discharge capacities with very slow capacity decay. By contrast, the discharge capacity of the cell using the pristine Li metal anode shows rapid decrease of capacity, which drops to nearly 20 mA h g À1 in the 150 th cycle. Detailed comparison of charge/ discharge voltage proles further indicates that the polarization of the full cell based on the protected Li metal anode is lower than that of the cell using the pristine Li metal anode (Fig. 4b  and c) . In particular, aer the 150 th cycle, the polarization of the cell using the protected Li metal anode did not increase signicantly but that of the cell using the pristine Li metal anode increased very much. The signicantly improved cycling stability of the cell using the protected Li metal anode veried the effectiveness of the as-formed ASEI protective layers in practical LMBs. In summary, we have proposed a MF x NP induced functional modication strategy to fabricate a LiF 
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